Background ECG-gated rest-stress cardiac PET can lead to simultaneous quantification of both left ventricular ejection fraction and flow impairment. In this study, our aim was to assess the benefit of rest and stress PET ejection fraction (EF) (EF p ) in relation to single-photon emission computed tomography (SPECT) EF (EF s ) and echocardiography EF (EF e ). To this effect, the EF p was compared with EF s and EF e . Further, the relation between rest and stress EF p was also assessed.
Introduction
Standard assessment of myocardial function and perfusion in current clinical practice often involves either single-photon emission computed tomography (SPECT) or PET. Although SPECT imaging is a useful noninvasive modality for the detection of coronary artery disease (CAD), it is limited by issues including low attenuation artifacts particularly in obese individuals and women, low resolution, and the lack of quantification of the myocardial perfusion [1] [2] [3] . PET is currently the most robust technique for quantifying perfusion noninvasively in the human heart and its use in cardiac imaging is rapidly increasing. Cardiac PET imaging has superior resolution and higher diagnostic accuracy compared with SPECT imaging and can result in quantitative myocardial perfusion measures [4] [5] [6] [7] . In addition to being an accurate imaging modality, PET allows for the detection of CAD using noninvasive blood flow quantification [4, 5, [8] [9] [10] [11] . Further, current PET systems allow for simultaneous ECG-gated rest and stress data acquisition [12] [13] [14] [15] [16] [17] [18] [19] [20] . Using gated reconstruction of the acquired data, left ventricular ejection fraction (LVEF), endsystolic volume (ESV), and end-diastolic volume (EDV) can be quantified. Therefore, a single ECG-gated rest and stress PET imaging allows for simultaneous quantification of the global and regional left ventricular (LV) function and perfusion values.
The diagnostic value of PET perfusion and noninvasive defect quantification using PET coronary flow reserve (CFR: ratio of flow at stress to rest) has been assessed extensively in previous studies [21] [22] [23] [24] [25] . The prognostic efficiency of LVEF using ECG-gated rest and stress scan data has been explored in previous studies using cardiac (EF) values obtained from echocardiography (EF e : subscript 'e' = echocardiography). Further, using N-13 ammonia, a study assessing stress EF p with SPECT EF (EF s : subscript 's' = SPECT) has not been performed. Data on the concordance or discordance between stress and rest EF p values obtained using N-13 ammonia are also lacking, but a single study [14] has reported similar comparisons using a different radionuclide, 82 Rb. Hence, there is a need for assessing N-13 ammonia rest and stress EF p values with EF e and EF s values in patients with ischemic arteries.
The benefit of a single rest and stress ECG-gated PET imaging is that it can lead to simultaneous quantification of global perfusion and regional LV function values through myocardial blood flow (MBF) and EF. The diagnostic application of flow quantification using N-13 ammonia PET for the detection of CAD has been demonstrated in our previous study [31] . Therefore, the objective of this pilot clinical study was to compare the accuracy of the rest and stress EF p values obtained using an ECG-gated PET scan with EF e and EF s . It was hypothesized that the rest and stress EF p values would agree well with the EF s and EF e values. To test this hypothesis, the three aims were to compare (i) stress and rest EF p with EF s , (ii) stress and rest EF p with EF e , and (iii) the concordance or discordance between rest and stress EF p .
Methods
The Institutional Review Board at the University of Cincinnati and the research and development (R&D) committee at the Cincinnati Veteran Affairs Medical Center (CVAMC) approved the protocol for this study.
Patient population
Patients who were 18 years of age or above, symptomatic with acute chest pain and/or with a strong family history, and in need of a noninvasive stress test were eligible for inclusion in this study. Excluded patients were those with an LVEF less than 25%, those who had undergone a previous coronary artery bypass graft surgery for all three major coronary vessels, those with a history of type II heparin-induced thrombocytopenia, patients with significant comorbid conditions, pregnant women, and patients unable to comprehend the consent process.
Justification of sample size
On the basis of the study protocol, an explanation of the sample size used in our study is given below in sequential order, along with the enrollment numbers ( Fig. 1): (1) PET scan is not a standard-of-care procedure at the VA medical center. Therefore, we needed additional consenting steps to recruit patients for the PET scanning procedure. On the basis of the study inclusion/exclusion criteria, 54 patients were found Out of these 26 patients, on the basis of a chart review, 13 had EF values quantified after a SPECT scan. Similarly, 13 patients had EF values quantified through an echocardiography scan.
Patient background
A summary of the characteristics of the 26 enrolled patients is provided in Table 1 . All patients were monitored for any adverse cardiac events during the stress part of the imaging. Of the 26 patients enrolled, 16 were obese (BMI > 30). No significant difference in heart rate (HR) or blood pressure (BP) at either rest or stress was observed between the obese patients and those with normal BMI (Table 2) .
Fourteen patients were on statins, eight patients were on a β-blocker, eight patients were on a calcium channel blocker, and eight patients were on nitrates. However, none of the patients took the medication on the day of the scan. There was no noticeable difference in HR or BP in patients on medication when compared with those not on medications. In addition, four patients had suffered a heart attack (myocardial infarction) before the study.
PET imaging protocol
All participants refrained from drinking coffee or any caffeine-related products and medications 24 h before the scan. They were on fasting 8 h before the study. Participants underwent ECG-gated PET rest-stress imaging according to the protocol using a whole-body CT-PET hybrid scanner (Discovery ST; GE Healthcare, Noblesville, Indiana, USA) with an FOV of 41.9 cm with a left offset of 4 cm. PET images were blurred to 6.4 mm full-width at half-maximum in the transaxial direction using a Hanning filter for the reconstruction of data. For the rest scan, a low-voltage computerized tomography scan for attenuation correction (140 kV, 40 mA) was performed. A resting dose of 28 2 mCi of N-13 ammonia was injected, followed by an 18-min rest emission scan.
After the completion of the rest scan, a wait time of 30-50 min was provided for the radioactivity of the rest dose to decay. Subsequently, the stress agent Lexiscan/ Regadenoson was administered as bolus dose of 0.4 mg/5 ml over 10 s, followed by radionuclide injection. A stress dose of 29 1.5 mCi of N-13 ammonia was injected and the stress emission scan was performed for 18 min, followed by a low-dose computerized tomography scan for attenuation correction scan. The minimum amount of time between the first injection of N-13 ammonia dosage and the second injection was 50 min (18 min of scan time + 30 min wait period + 2 min buffer time). Data were acquired in 2D, list mode and reconstructed using ordered subsets expectation maximization algorithm with 30 subsets and two iterations. The whole 18 min of rest and stress gated data were segregated into eight temporally equal time bins and then analyzed in Flowquant (Ottawa Heart Institute, Ottawa, Ontario, Canada) [32] [33] [34] [35] [36] to obtain the rest and stress EF values. Patients with echocardiography = 13
Step-by-step explanation of the sample size in the study. CABG, coronary artery bypass graft surgery; EF, ejection fraction; SPECT, single-photon emission computed tomography. All comparisons between the nonobese group and the obese group remained insignificant (P > 0.05). BP, blood pressure; HR, heart rate.
Gated reconstruction
The acquired images were initially reoriented (Fig. 2a) , following which the LV myocardium was sampled to obtain the wall thickness, stroke volume (SV), LV myocardial mass, EDV, ESV, and the EF p . By summing up the sampled myocardium at the eight time points during the cardiac cycle, a 3D model of the beating heart was created at rest ( Fig. 3a) and at stress (Fig. 3b) . Fig 3a and b also shows the variation in volume (right y-axis) and wall thickening (left y-axis) of the LV with cardiac phase. Please note that the plot shows the averaged data points sampled over eight different time points during the cardiac cycle. Using these EDV and ESV values, the PET ejection fraction (EF p ) is calculated as follows:
The first 5 min of the data was reconstructed into 21 dynamic frames of 18 × 10, 2 × 30, 1 × 60 s. Regional and global quantification of the MBF was achieved using a onecompartment 2K-constant-dynamic volume kinetic model in the Flowquant [31] . CFR is obtained as the ratio of stress MBF to rest MBF:
Heart rate, blood pressure, and gated imaging parameters during PET imaging A summary of the mean LV myocardial mass, SV, EDV, ESV, HR, and BP values at rest and stress for all 26 enrolled patients is provided in Table 3 . During the PET imaging (n = 26), there was a significant (P < 0.05) increase in HR values from 67 3 beats/min (bpm) at rest to 92 4 bpm at stress ( Table 2 ). The mean BP slightly decreased from 94 3 mmHg at rest to 82 3 mmHg at stress with an insignificant P-value (>0.05).
The mean LV myocardial mass at rest was 150 6 g, which increased significantly (P < 0.05) to 155 6 g at stress.
However, there was an insignificant change (P > 0.05) in the SV from rest (62 3 ml) to stress (65 3 ml). The EDV increased significantly from 131 8 ml at rest to 142 9 ml at stress. Similarly, the ESV also increased significantly from rest (69 7 ml) to stress (77 7 ml).
SPECT and echo data
Of the 26 patients with PET results, using chart review, poststress EF values were obtained for Tc-99m SPECT stress test for 13 patients. No onset of new symptoms or disease progression was observed between the SPECT and PET tests. A summary of the patient characteristics for the subgroup (n = 13) of patients with SPECT test is provided in Table 4 . The BMI, rest and stress HR, and mean BP values are provided in Table 5 .
Similarly, using chart review, rest echocardiography EF values were obtained for 13 patients. No onset of new symptoms or disease progression was observed between the echo and PET tests. A summary of the patient characteristics for the subgroup (n = 13) of patients with echocardiography test results is provided in Table 6 . The BMI, rest and stress HR, and mean BP values are provided in Table 7 . Data are presented as mean SE. BP, blood pressure; EDV, end-diastolic volume; ESV, end-systolic volume; HR, heart rate; LV, left ventricular; SV, stroke volume. *Significant (P < 0.05) difference in the stress readings in comparison with the rest readings. The correlation and ANOVA analyses were performed using SAS (SAS Institute, Cary, North Carolina, USA). Bland-Altman analysis was performed using Medcalc (Ostende, Belgium). P values less than 0.05 were used for statistical significance. The strength of the correlation was given by the correlation coefficient (r-value). All values are reported as mean SE. The Bland-Altman results are reported as mean SD.
Results
In Results of the regression analysis, r-values and P-values between rest EF p and EF s , for the 13 patients are presented in Fig. 4a . There was a significant (P < 0.05) correlation between rest EF p and EF s with a strong r-value of 0.80 (Fig. 4a) . Further, Bland-Altman analysis (Fig. 4b ) between rest EF p and EF s showed mean differences of − 7.23 6.46% [95% confidence interval (CI): − 11.1 to − 3.3]. The differences of rest EF p and EF s were within the 1.96 SD line, implying a good agreement between the EF values obtained using two methods. Similarly, there was a strong (r = 0.71) and significant (P < 0.05) correlation between stress EF p and EF s (Fig. 4c) . The Bland-Altman analysis (Fig. 4d ) showed mean differences of − 8.7 8.9% (95% CI: − 14.0 to − 3.3) for the stress EF p and EF s . There was good agreement between the two methods, as evident by the differences lying within the 1.96 SD limits (Fig. 4d) . Therefore, the rest and stress EF p could be used interchangeably with EF s .
Further, the mean rest EF p value was 49 3%. This value was not significantly different (P > 0.05) from the mean EF s value (56 3%, Fig. 4e) . Similarly, the mean stress EF p value (48 3%) was also not significantly different from the mean EF s value (56 3%, Fig. 4e) . Further, to test the robustness of the mean comparisons performed with lower sample size (n = 13), a nonparametric Kruskal-Wallis test was performed. This nonparametric test resulted in a P-value of 0.11 for the comparison of the means of rest EF p versus EF s and a P-value of 0.08 for stress EF p versus EF s , confirming the above results. 
BP, blood pressure; HR, heart rate; SPECT, single-photon emission computed tomography. *Significant (P < 0.05) difference in the stress readings in comparison with the rest readings. BP, blood pressure; HR, heart rate. *Significant (P < 0.05) difference in the stress readings in comparison with the rest readings.
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PET EF (EF p ) versus SPECT EF (EF e )
Results of the regression analysis, r-values and P-values between the rest EF p and EF e , are presented in Fig. 5a . There was significant (P < 0.05) correlation between rest EF p and EF e with an r-value of 0.58. Further, Bland-Altman analysis (Fig. 5b ) between rest EF p and EF e showed mean differences of − 3.9 8.8% (95% CI: − 9.2 to 1.4). The differences between rest EF p and EF e were within 1.96 SD, which means that there was no significant bias between the EF values obtained using the two methods.
In contrast, there was a moderate correlation (r = 0.50) between the stress EF p and EF e values with a nearsignificant P-value of 0.08 (Fig. 5c) . The Bland-Altman analysis (Fig. 5d ) showed mean differences of − 7.5 8.6% (95% CI: − 12.7 to − 2.3) for the stress EF p and EF e . The differences were within the 1.96 SD limits, implying a good agreement between the EF values obtained using the two methods.
Further, the mean rest EF p value in this group of patients was 54 3%. This value was not significantly different (P > 0.05) from the mean EF e value (58 3%, Fig. 5e ). In contrast, the mean stress EF p value (50 3%) was marginally significant (P = 0.04) compared with the mean EF e value (58 3%, Fig. 5e ). The correlation, ANOVA, and Bland-Altman analyses suggest that EF e correlated moderately with rest and stress EF p .
Comparison of rest and stress EF p
Rest EF p had a strong (r = 0.81; Fig. 6a ) and significant (P < 0.001) correlation with stress EF p . The mean rest EF p value in the 26 patients was 50 2%. The mean stress EF p value was somewhat lower at 48 2%. However, this variation in the rest and stress EF p values was insignificant (P > 0.05, Fig. 6b ). This lower stress EF p compared with rest EF p can be attributed to the presence of obstructive CAD, as assessed during coronary angiography in 20 patients out of the 26 enrolled (two patients had no catheterization data).
Discussion
In this clinical study, the benefits of ECG-gated rest and stress PET imaging for simultaneous quantification of global and regional LV function using LVEF and perfusion using MBF and CFR in ischemic patients were assessed. The objective was to assess the degree of agreement between the N-13 ammonia PET stress and rest EF p values in relation to the other imaging modalities. First, to the best of our knowledge, there are no previous studies that have compared EF p with EF e . Second, studies evaluating stress EF p with EF s using N-13 ammonia have also not been performed. Third, literature reporting the concordance between stress and rest EF p values using N-13 ammonia is lacking. However, a similar comparison was provided for Rb-82 PET imaging by Brown et al. [14] . Therefore, correlations and comparisons were performed between (i) rest and stress EF p versus EF s , (ii) stress and rest EF p versus EF e , and (iii) rest and stress EF p .
New knowledge gained
The new knowledge gained through this study is listed below:
( were marginally different in comparison with EF e . Bland-Altman analysis showed an overall trend of underestimation in the rest and stress EF p values in comparison with EF e . (3) Rest and stress EF p values correlated well and there was no statistically significant difference between the mean rest and stress EF p values.
Hence, the rest and stress EF p values obtained through ECG-gated PET imaging could be used for clinical diagnosis in place of conventional methods like SPECT and echocardiography.
The diagnostic application of flow quantification using N-13 ammonia PET for the detection of CAD has been demonstrated in our previous study [31] . The new knowledge gained through this study is that a single rest and stress ECG-gated PET imaging can lead to simultaneous quantification of global and regional LV function and perfusion values, and could provide additional diagnostic information for better management of CAD. Consequently, this would lead to a reduction in the procedure time and cost while simplifying the diagnostic protocol for assessing CAD, thus benefitting both patients and clinicians. A brief discussion of the study results along with comparisons with previous studies is presented below.
Previous studies on EF p versus EF s
Similar to the correlation (r = 0.80) between rest EF p and EF s reported in this study, Kanayama et al. [15] reported a significant (P < 0.05) correlation coefficient value of 0.84 (n = 51) between rest N-13 EF p and MIBI SPECT EF s in documented CAD patients (36 had myocardial infarction). Okazawa et al. [20] also reported a similar correlation (r = 0.87, P < 0.05) between rest EF p (obtained using PET N-13 imaging) and EF p using C 15 O (n = 40). Hickey et al. [18] reported a significant (P < 0.05) correlation of r = 0.84 between N-13 rest EF p compared with a combination of nuclear imaging method (n = 26), echocardiography (n = 12), and contrast ventriculography (n = 15).
Further, in line with the results of this research (rest-EF p : 49 3% vs. EF s : 56 3%), Kanayama et al. [15] reported reduced mean rest EF p values (47 11.5) in comparison with mean EF s values (49.1 11.6%). On the basis of this result, the authors believe that with an increase in sample size the statistical significance between different groups can be better determined.
Further, the 7 and 8% differences in EF values between rest and stress PET and SPECT modalities (Fig. 4e) may be important from the perspective of a clinical diagnosis. However, as the average values are greater than 45% for the patient groups between the two imaging modalities (Fig. 4e) , the clinical diagnosis might not be impacted, as per the study by Sharir et al. [37] , who showed that LVEF less than 45% in a human study was associated with higher mortality. This needs to be further investigated using a larger sample size.
Okazawa et al. [20] reported similar results with the N-13 PET underestimating the rest EF (46 16%) in comparison with contrast ventriculography (54 16%) and C 15 O PET (53 14%) in patients with CAD. SPECT has a lower resolution and poor acquisition counts resulting in artifacts, which might result in overestimation of the EF particularly in obese subjects and women. The higher EF s values compared with the rest-EF p values might be due to the above reason. Evidently, the evaluation of stress EF p with other modalities has not been reported in the literature.
Previous studies on EF p versus EF e
To the best of our knowledge, there were no studies reporting a direct comparison of EF p values with EF e values. In this study, the rest and stress EF p values showed a significant (P < 0.05) but moderate correlation with the EF e . Also, the mean rest and stress EF p values using N-13 ammonia PET were somewhat lower in comparison with the mean EF e values. It is expected that the strength of correlation and the statistical significance of mean comparisons will improve with an increase in the sample size.
Coronary flow reserve and myocardial blood flow values
For the 26 patients, the average CFR value of the whole LV was 2.2 0.1. The mean rest MBF was 0.86 0.05 ml/ min/g, which significantly (P < 0.05) increased to 1.7 0.1 ml/min/g at stress. Out of the 26 patients, 24 had coronary angiography, during which flow-limiting stenoses were observed in 20 patients. Out of the 72 arteries (= 24 patients × 3 arteries), 28 arteries were stenosed and 44 arteries were either normal or had nonobstructive CAD. A summary of the mean CFR and MBF values for the stenosed and nonobstructive CAD arteries is provided in Table 8 .
The mean CFR value in the diseased arteries was 2.0 0.1, which was significantly lower (P < 0.05) in comparison with the CFR value (2.3 0.1) in the nonobstructive CAD arteries (Table 8 ). In the nonobstructive CAD group, the mean rest and stress MBF values were 0.80 0.04 and 1.8 0.1 ml/min/g, respectively. In the diseased arteries group, the mean rest MBF value was somewhat higher (0.89 0.05 ml/min/g, P > 0.05), whereas the stress MBF value was marginally lower (1.7 0.1 ml/min/g, P > 0.05), in comparison with the nonobstructive CAD group (Table 8) .
Rest and stress EF p , and relation with myocardial blood flow A correlation was performed to check the relation between the global (LV) perfusion values and EF p values. These results are presented in Fig. 7 . There was an insignificant correlation (r = 0.22, P > 0.05) between rest MBF values and rest EF p values (Fig. 7a) . Similarly, there was an insignificant correlation (r = 0.34, P > 0.05) between stress MBF values and stress EF p values (Fig. 7b) . On the same lines, there was an insignificant correlation between rest (r = 0.30, P > 0.05) and stress EF p (r = 0.30, P > 0.05) values and CFR values (Figs 7c  and d) . The rest and stress EF p values showed a lack of consistent trend with MBF values. This might be because of the induction of stress due to pharmacologic vasodilators. In the case of flow-limiting stenoses, vasodilators lead to reduced flow in regional perfusion, whereas they are less likely to result in a change in the global function due to myocardial ischemia and postischemic stunning.
Further, to the best of our knowledge, there are no studies reporting a comparison between rest and stress EF p values using N-13 ammonia. However, a similar comparison was provided for 82 Rb-PET imaging by Brown et al. [14] . They reported an increase in stress EF p values (53 13%) in comparison with rest EF p (47 13%) values using dypyridamole, whereas the increase was not consistent across the complete patient pool. Compared with rest EF p , stress EF p increased in 89 patients, whereas it decreased in 17 patients. In the present study, the stress EF p values increased in nine patients and decreased in 14 patients when compared with rest EF p values. The rest and stress EF p values remained the same in three patients. The mean stress EF p (48 2%) remained somewhat lower in comparison with the mean rest EF p (50 2%). This lower stress EF p compared with rest EF p can be attributed to the prevalence of CAD in 20 out of the 26 enrolled patients (two patients had no catheterization data). Nine of the 20 patients had flow-limiting stenoses and multivessel CAD, which might have caused a reduction in the global function (EF) of the heart at stress in comparison with rest.
Limitations Radiotracer N-13 has been proven to have higher diagnostic value in comparison with 82 Rb. N-13 ammonia is a cyclotron product and is not accessible at places without an onsite cyclotron, which might limit the usage of N-13 ammonia as a radionuclide. Although N-13 ammonia is an excellent tracer, there might be a 'roll-off', leading to ammonia uptake possibly not increasing linearly at high coronary blood flows that are achievable with vasodilatory drugs. Hence, the myocardial perfusion quantification using N-13 ammonia is expected to underestimate CFR at high flow range.
Sample size
The sample size in our study (n = 26) was limited by the fact that PET is not a standard-of-care procedure at the VA medical center. Further, to avoid additional radiation exposure to patients, the SPECT (n = 13) and echocardiography (n = 13) data were obtained using chart review. This study was primarily aimed as a proof of concept to show the feasibility of the use of ECG-gated rest and stress PET MPI imaging for simultaneous flow and LVEF quantification. The plan is to improve upon this pilot study using a larger sample size for better statistical significance.
Time variation between PET, SPECT, and echo
In this study, SPECT and echo data were obtained retrospectively using chart review. There was a time difference between the PET imaging and the SPECT and echo tests. Except for two patients, all others underwent the test within a year or less. This duration between the tests might have affected the EF values. However, none of the patients developed new symptoms or had any significant disease progression, as apparent from the chart review and follow-up by cardiologists.
Future work
To further explore the usefulness of the proposed method, the perfusion and EF values obtained using ECG-gated rest and stress PET imaging need to be correlated with parameters calculated using pressure, flow, and anatomical readings obtained during coronary catheterization. For example, diagnostic parameters like pressure-based fractional flow reserve, pressure drop coefficient [38, 39] , a functional parameter that combines pressure and flow, and lesion flow coefficient [31, 40] , a combined anatomical and functional parameter, in combination with the PET imaging information, could add additional diagnostic data for better therapeutic decision making.
Conclusion
In this pilot clinical study, ECG-gated rest and stress N-13 ammonia PET imaging was performed for simultaneous quantification of global and regional function of the LV using EF and perfusion values in patients with ischemia. First from EF e values, whereas the stress EF p values were marginally different (P = 0.04). Third, the rest and stress EF p values correlated well and there was no significant difference between the mean rest and stress EF p values.
Therefore, the rest and stress EF p values obtained through ECG-gated PET imaging could be used for clinical diagnosis in place of conventional methods like SPECT and echocardiography. A single ECG-gated rest and stress PET imaging can lead to simultaneous quantification of global and regional LV function and perfusion values and provide additional diagnostic information for better management of CAD. Consequently, this would lead to a reduction in the procedure time and cost while simplifying the diagnostic protocol for assessing CAD, thus benefitting both patients and clinicians. Copyright r 2015 Wolters Kluwer Health, Inc. All rights reserved.
